The biological surface has developed functional structures during long-term evolution, which inspires the development of biomimic materials for optical and optoelectronic applications. For example, the micropapillae and nanofolding structures of rose petals could enhance light absorption and color saturation. Here, the authors report a successful replication of rose hierarchical surface structures by simple and cost-effective processes. A variety of rose structured surfaces were investigated, which confirmed the diversity of functional surface architecture. The polydimethylsiloxane (PDMS) negative replica was formed by casting PDMS solution on top of a rose petal followed by a temperature-assisted curing process. The hierarchical structure was further transferred into photoresist films by ultraviolet nanoimprint using the PDMS replica as molds. The imprinted photoresist films demonstrated uniform replications of rose microconvex cells with nanofolding details in the scale of a square centimeter. Super-hydrophobicity was demonstrated on both PDMS negative replica and photoresist positive replica. The incorporation of photoresist replica on the surface of photodetectors improved the responsivity by 35% to 42% due to enhanced light management effect. This bio-inspired transfer imprint process with PDMS provided a high-fidelity and cost-effective method to reproduce functional structures from biological surfaces. This study also demonstrated the potential of utilizing rose structures in photovoltaic and optoelectronic applications.
I. INTRODUCTION
Nature has offered us a lot of inspirations for designing and fabricating new functional materials and structures.
1,2
The biological surface, as the first interface between the nature creatures and surrounding environment, has developed multiple functions during uninterrupted evolutions. [3] [4] [5] [6] The moth eyes, for example, have subwavelength cornel nipple array structures, which act as an effective medium with a gradually changed refractive index. 7 The butterfly wing scales have multilayer ridge array structures and show beautiful iridescence due to the photonic crystal effects. 8 Both moth eyes and butterfly wings have been extensively studied and imitated to form antireflection and light trapping layers. [6] [7] [8] [9] Besides animal surfaces, the surface of plants including, flowers [10] [11] [12] and leaves, 3,13 also feature intelligent and interesting structures and surface architectures. While the color of plants is normally pigment-based, the micro-and nanohierarchical surface structures strengthen the color saturation by reducing light reflection and redirecting photons to strike pigments. 14 With such light trapping mechanism, flowers appear more attractive for pollinators, while leaves could sustain metabolism in low-light environment via photosynthesis. 15, 16 Reproducing such functional surface structures would enable a lot of applications such as forming superhydrophobic surface for water repellent or self-cleaning, 3 and light harvesting element for photovoltaic and optoelectronic devices. 10 However, the research on plant surfaces and their inspired microfabrication are still limited to date compared with animal counterparts.
Rose, as one of the most popular flowers over the world, is known for its beauty and fragrance. Previously, Feng et al. 12 discovered rose structure-based super-hydrophobic property with high water-adhesive force called "petal effect." Direct mimic of the three-dimensional hierarchical structures is challenging and relies on an expensive microfabrication technique such as interference lithography or electron-beam lithography. 17, 18 Replication via nanoimprint [19] [20] [21] or molding, 11, 22 on the other hand, provides advantages of low-cost and high-throughput. A two-step transfer process by first generating a negative replica and then forming a positive replica is usually involved. Successful replication of rose surface structures have been reported with polystyrene, 7 epoxy resin, 11 and UV-curing resist. 10 H€ unig et al. 10 also demonstrated reduced broadband reflection and improved solar cells performance by coating resist replica of the Rosa "El Toro." Inspired by their work, here we studied the diverse surface structures of rose petals, and successfully replicated the hierarchical structures by a simple and low-cost process. The polydimethylsiloxane (PDMS) negative replica was first synthesized via solution mixing and curing. The photoresist a) Electronic mail: walter.hu@utdallas.edu positive replica was then formed by the UV-imprint with the PDMS mold. The imprinted rose structures were further incorporated on photodetectors, which demonstrate improved sensitivity.
II. EXPERIMENT
A. Fabrication of rose replicas
Rose petals preparation
Roses with a variety of species and colors were collected to study their relation with surface structures. Fresh roses without pretreatment were used to avoid collapse of surface structures due to dehydration. Rose samples were prepared by cutting off from the flat part of the rose petals, which is usually in the size of a few square centimeters.
PDMS negative replicas
In order to replicate the rose hierarchical structures, the PDMS mold with negative replica was first prepared as shown in the schematic of Fig. 1 . First, the PDMS solution was synthesized from the prepolymer (Momentive RTV 615A) and cross-linking agent (Momentive RTV 615B) in a 10:1 volume ratio in a glass beaker. Then, the glass beaker was placed in a low-vacuum chamber for 1 h to evacuate the air bubbles that may cause defects in replication. After that, the rose samples were placed in a petri-dish with front-side facing up and the PDMS solution was transferred into the petri-dish. The petri-dish was then placed back in the lowvacuum chamber for another 20 min, which further evacuate air bubbles that introduced during PDMS solution transfer. The rose hierarchical structures were conserved in the lowvacuum environment under shelter of PDMS solutions. After that, the PDMS/rose assembly was heated for 1 h at 60 C. The temperature was chosen to facilitate the PDMS curing process while reserving the shape and structures of the rose petals. Finally, the hardened PDMS/rose assembly was carefully removed from the petri-dish with razor blade after cooling down to room temperature. In order to separate the PDMS mold from rose petals, the PDMS/rose assembly was soaked in heated piranha solution (mixture of sulfuric acid and hydrogen peroxide in 2:1 volume ratio) at 110 C for 10 min. The PDMS negative replica was completed after rinsing with deionized water and blow dried with nitrogen.
Photoresist positive replicas
Positive replica of rose structures in photoresist films were created by UV-imprint with the PDMS molds, as shown in Fig. 2 . A droplet of SU-8 2002 from MicroChem was placed on the substrate, and carefully pressed with the PDMS mold to ensure contact without air bubbles. The photoresist was then cured with 350 nm UV at an irradiance of 30 mW/cm 2 for 10 min in an Electro-Lite Electro-Cure 500 light exposure system. Finally, the PDMS mold was carefully separated from the SU-8 2002 coated substrate, leaving positive replication of rose structures.
B. Characterizations

Surface characterization
The surface morphology of the rose petals, PDMS negative replicas or molds, and photoresist positive replicas were investigated with scanning electron microscopy (SEM). The SEM measurements were conducted with Zeiss Supra-40 SEM systems with a chamber vacuum below 1 Â 10 À4 Torr. All samples were sputtered with $10 nm gold layer by Hummer VII sputter deposition system prior to SEM characterization. The contact angles of negative replicated PDMS and flat pristine PDMS were measured using Ram e-Hart Contact Angle Goniometer with 20 ll deionized water droplet on the sample surface.
Optoelectronic characterization
Optoelectronic performance of two sets of Si photodiodes was characterized. One set of photodiodes was coated with photoresist films of positive rose replica while the other set was coated with flat photoresist films. A Keithley 4200 SCS and a Cascade probe station were used for photodetector's I-V measurements. The devices under dark environment and different illumination conditions (0.05 to 530 lW/cm 2 ) were tested. A 150 W halogen lamp was used for illumination for all devices.
III. RESULTS AND DISCUSSIONS
The rose hierarchical structures were reported to be capable of reducing light reflection and increasing light absorption for color strengthen. 23 The morphology of a variety of rose petals was investigated with SEM. Figure 3(a) shows the rose featuring uniform and closely packed microconvex cells, which is referred as micropapillae, 4 with diameter around 20-30 lm. The individual micropapillae also demonstrated cuticular foldings with irregular ridges in a few hundred nanometers to a few micrometers [ Fig. 3(a) , inset]. More folding details were observed on the top of micropapillae compared with the sidewalls. Figure 3(b) shows the rose with only microconvex structures but without nanofoldings. The aspect ratio of its micropapillae, defined as the ratio of vertical depth to base diameter, is much higher than that of most flower petals reported by the literature 11, 23 [ Fig. 3(b) , inset]. The two different rose morphologies represent the diversity of functional surface developed during evolution. It was reported that both micropapillae with high aspect ratio and nanofoldings would benefit the light trapping. 23 In particular, specular reflection is largely reduced ascribed to multiple reflections between micropapillaes. Figures 3(c) and 3(d) show the hierarchical structures of same rose Rosoideae species with yellow and pink colors, respectively. No obvious micropapillae and cuticular folding structure difference were observed, which indicated the colors are chemical pigment-based. However, the color intensity could be enhanced with surface hierarchical structures as more light could be absorbed by the pigments ascribed to reduced reflection and photon redirection. Therefore, the roses appear more optically attractive for the pollinators. Note that the micropapillaes and nanofolding structure shrinkage were observed in all SEM characterized rose petals, with Rosoideae rosa showing most severe shrinkage or collapse, ascribing to the dehydration of cells in high-vacuum chamber. 4 The PDMS negative replica was characterized with SEM and a typical micrograph of the surface morphology was shown in Fig. 4(a) . The homogeneous and uniform microconcave cells are negative replication of the rose micropapillaes. The nanofolding structures are also conserved on each concave cell. The ridges on the bottom and sidewall are correlated with the grooves structures on rose micropapillae cuticle [ Fig. 4(a) , inset]. Using fresh rose petals as well as optimizing PDMS synthesis is important for successful replication. A major difficulty for PDMS replication is to achieve macroscopically surface flatness, as flower petal has a natural shape. Preprocessing the rose petals by depressing or sandwiching between glasses slides, although improving the sample flatness, could simultaneously damages the micropapillae structures. Nevertheless, replicating flat and highfidelity rose structures are generally much easier than that shows a picture of PDMS/rose assembly in petri-dish before curing. Reasonable flatness in $1 in. 2 is achieved by cutting rose sample from the center of petal. The optimum curing temperature is found at 60 C, which conserves the shape and structures of rose petals while facilitating the PDMS cross-linking process. An example view of the cured PDMS/ rose assembly is shown in Fig. 4(c) . The shape and color of the yellow rose petal are conserved in the solidified PDMS. The appearance of the final PDMS mold after removing rose residues by piranha cleaning is demonstrated in Fig. 4(d) . The structure-replicated PDMS possess white color with reduced transparency. The appearing color of PDMS replica does not correlate with rose color, as rose color is chemical pigment-based. The PDMS mold retains a reasonable flatness which is beneficial for transfer imprint to create rose positive replicas. The contact angle was measured on both the PDMS negative replicas and the pristine PDMS without structures. The pristine PDMS demonstrated hydrophobic property with a contact angle of 112
[ Fig. 4(e) ], which agrees with the literature. 24, 25 The structured PDMS replica, on the other hand, shows super-hydrophobicity with a contact angle of 150
[ Fig. 4(f) ], demonstrating the impact of micro-and nanostructures on macroscopic surface hydrophobicity. Such a super-hydrophobic surface could be used for various applications such as water-repelling and selfcleaning.
The photoresist positive replica was created by imprinting PDMS negative replica into UV-curing photoresist and curing with UV. We found at that no external pressure is required between PDMS mold and the substrate during the curing step, which simplifies the process and does not require any instrument. However, the contact of the PDMS molds with the photoresist films plays an important role for defect control. Before imprinting, it is typical to pretreat the PDMS with oxygen plasma to reduce the mold surface hydrophobicity (e.g., 150
before treatment to 86 after treatment) for better contact with resist. Almost perfect contact of the PDMS mold with the photoresist films in large scale without any air gap or bubbles could be achieved with the treated PDMS surface. However, such treatment introduced difficulty during demolding process, even when PDMS surface recovers the hydrophobic property after a few hours of imprinting. Therefore, an optimum process was developed with untreated flat PDMS molds, by gently pressing into sufficient liquid resist droplet on the substrate to remove air bubbles before curing, and the PDMS super-hydrophobicity yields easy mold release. SEM was used to characterize the morphology of imprinted SU- 8 2002 The results demonstrated that large-scale, high-fidelity positive replication of rose hierarchical structures including micropapillae and nanofoldings could be successfully created on the photoresist thin-film by this simple imprint process. In addition, such functional structures could be imprinted repeatedly with the same PDMS mold, given the reliable demolding process due to its super-hydrophobicity.
The micro-and nanohierarchical structures of rose petals can improve light absorption and color saturation. 23 Successful replication of rose functional structures has potential application on photovoltaic or optoelectronic devices for performance enhancement. Here, photodetectors with incorporated rose functional structures were studied. Two sets of identical Si photodiodes were coated with 15 ll of SU-8 2002. One was imprinted by a PDMS mold with negative rose structure replications while the other was imprinted by a flat pristine PDMS mold without structures for reference. The photoelectrical performance of these two photodiodes was then characterized in the dark and under halogen light illumination. Their corresponding I-V characteristics under reverse junction bias were illustrated in Fig. 6(a) . In dark state, both photodiodes show comparable currents at the level of tens of nanoampere. Under illumination, the currents significantly increased due to the generation of electron-hole pairs upon photon absorption, and charge carrier extraction under applied electrical field. The illuminated currents increased gradually with increasing irradiance. Under the same irradiance, the photodiode with replicated rose structures demonstrated higher current compared with the one without rose structures. Such behavior improvement was also illustrated in the plot of photodiode current versus irradiance at a 10 V reverse bias in Fig. 6(b) . The responsivity commonly used to evaluate the efficiency of a photodetector responding to an optical signal is defined by
where L light is the irradiance, S is the effective area, and I illuminated and I dark are the current with and without illumination, respectively. Here, the relative responsivity is calculated by the ratio of responsivity with rose structure to that with referenced device of flat surface. The plot of relative responsivity versus irradiance, as expressed in Fig. 6(b) , demonstrated $35% to 42% improvement under 0.05 to 530 lW/cm 2 illumination by incorporating replicated rose structures on the photodetectors. Similar behaviors are observed on multiple devices. The improved performance is ascribed to the light management effect of replicated rose hierarchical structures. The high-density and high-aspect ratio micropapillae function similar to the microlens array which offers antireflection and photon redistribution. 26 Such light trapping effect is further enhanced with the irregular cuticular nanofolding structures. 10 
IV. SUMMARY AND CONCLUSIONS
In summary, the diverse surface hierarchical structures of roses were investigated. The micropapillae and nanofoldings were observed on the rose petals, which improve light absorption and color saturation. Inspired by the rose functional structures, the PDMS molds with negative structure replication were synthesized in a simple solution casting and molding process. Uniform photoresist positive replicas of rose structures were formed successfully in the scale of square centimeter by UV-nanoimprint with the PDMS molds without an instrument. Super-hydrophobicity was demonstrated on both PDMS negative replicas and photoresist positive replicas, which could be used for water-repelling and self-cleaning applications. The super-hydrophobicity of PDMS replica also improved mold releasing and repeated patterning. The replicated rose structures were incorporated on the photodetectors, contributing to a 35% to 42% improvement on the device responsivity due to light management effect. The results demonstrated the potential of utilizing plant surface structures in photovoltaic and optoelectronic applications by a simple and cost-effective replication process.
